occurred at several locations off the English East Coast. They started in April and May and caused extensive mortality of fish, shellfish and seabirds (ROBINSON 1968 , ADAMS et al. 1968 , INCHAM et al. 1968 , CLARK 1968 , McCoLLuM et al. 1968 , COULSON et al. 1968 .
VAC~ HANSrN & SAe.MA (1969) report the occurrence of red water at various locations off the Jutland West Coast, starting in July, 1968. They investigated samples from regions near Esbjerg to Skagen and found Gymnodiniurn breve forrna as the causative red tide organism. Poisoning of marine animals was reported there during the period from July to October. The investigations of the plankton blooms in the Helgoland waters complete the picture of the unusual events in the phytoplankton development in the North Sea during 1968.
MATERIAL AND METHODS
Plankton content and environmental factors of the Helgoland waters have been monitored continuously for more than 10 years at the station "Helgoland Roads" in the &annel between the two isles of Helgoland ("A" in Fig. 1 ). Water masses from northwest and south of Helgoland move with the tides through this channel, which is 600 m wide and 5 to 7 m deep at its narrowest part. The measurements were made at a water depth of one meter once a day or three times a week and included determinations of salinity, temperature, seston weight and chlorophyll content, qualitative and quantitative plankton counts, measurement of phytoplankton assimilation, of a variety of micronutrients, and of soluble organic matter.
On 27 and 28 August, 1968, vertical measurements of plankton and chlorophyll distribution were made at three locations south, southwest and northwest of Helgoland (B, C and D in Fig. 1 ). Furthermore the vertical stratifications of plankton and hydrographical data were measured at two drifldng stations off the Elbe estuary and off the Eider mouth on 6 and 8 August (E and F in Fig. 1 ). These three groups of data were used to analyze the occurrence and causes of the Gyrnnodiniurn blooms during August, 1968 . As they were not taken with the aim of investigating these blooms, but for other plankton studies, the data are incomplete in regard to this purpose.
Water samples were taken by Hydro Bios series water samplers made of plexiglass. 100 ml subsamples were preserved with Lugol's iodine solution (we used three times the recommended concentration). Generally 25 ml samples were counted for species composition and quantity of the phytoplankton using the sedimentation technique with an inverted microscope. Cell counts were converted to organic carbon content as a measure for the biomass and to enable reasonable summation of plankters of different size. Conversion factors from different authors were used (LoHMAlV,'V 1908 , ~/[ULLIN et al. 1966 , SMAYDA 1965 .
Phytoptankton assimilation was measured by the oxygen method with light and dark bottles in the incubator. Within the 6 hours incubation time samples were illuminated with 20 cal/cm ~. Chlorophyll a content of the seston was obtained by photometry of the acetone extract. Nitrite and nitrate in the water were determined following STXlCKt. AND & PARSONS (1965) , phosphate according to KALL~ (1934) , modified.
For NO~ and PO4 determinations an autoanalyzer was used. As a measure for soluble organic carbon the permanganate oxidation method described by GILLI3RICHT (1957) was applied. Transparency of the water was determined by a Secchi disc. An estimation of the compensation depth (with 1 % of total incident radiation) was obtained by taking three times the Secchi depth according to VissEt~ (1970) . The extinction of water samples from areas B, C and D was measured in a photometer. The incident radiation was continuously recorded by a bimetallic actinograph on Helgoland. The wind data were provided by the meteorological station on the island.
RESULTS

T h e r e d t i d e Gyrnnodinium
At all stations ( Fig. 1 • A-F) the same Gyrnnodiniurn species was found, which had the following characteristics: The living dinoflagellate (Fig. 2a) measures about 30/~m in length and 25/ma in width. It is dorso-ventralty flattened with a convex dorsal and a concave ventral side. By light microscopy the periplast appears structureless. The marked let~-handed girdle is placed towards the anterior portion of the cell (epicone). The sutcus is deeply grooved. Numerous yellowish-brown chromatophores are found in the protoplast. Attempts to culture the alga using Erdschreiber and modified Schreiber solutions failed.
The red tide dinoflagellate found by VAGN HANSEN & Sm~MA (1969) Off the Jutland coast at the same time was described by them as a Gymnodinium breve DAvis forma. Gymnodiniurn breve is known and described from the Gulf of Mexico as a red tide organism (DAvis 1948 C o n t i n u o u s o b s e r v a t i o n s a t H e l g o l a n d R o a d s
The measured parameters from water samples taken at Helgoland Roads (A in Fig. 1 ) during 22 July until 17 September, 1968, are plotted in Figure 3a and b. Gymnodiniurn sp. is given as numbers and biomass (as carbon values). The biomass of other phytoplankton is indicated for 5 days. Chlorophyll a content of the seston, wind velocity and direction (DIR.), salinity and temperature of the water are plotted (Fig. 3a) . Figure 3b shows the nitrate and nitrite-nitrogen, phosphate and soluble organic carbon during the same period. (Fig. 3a) . Measurements of phytoplankton production were carried out using the oxygen method in an incubator for 6 hours. In this period samples were illuminated with 20 cal/cm 2, which is about the mean daily sum of incident radiation in the surface water layers near Helgoland. Before the onset of the Gymnodinium bloom phytoplankton production was about 0.112 to 0.15 mg C/1 in 6 hours. During the bloom period, 0.33, 0.6 and 0.293 mg C/I were measured on 16, 19 and 26 August, respectively. During the bloom peak assimilation measurement was carried out in a suspension of 3.7 × 106 Gyrnnodiniurn cells per litre, in which the larger diatoms had been removed. A production as high as 0.98 mg C/1 in 6 hours was measured using the full light intensity as mentioned above, 0.83 mg C/1 with 50 °/0 and 0.634 mg C/I with 25 °/0 of that light intensity. This means that one million Gyrnnodinium cells produced 0.265 mg carbon in 6 hours in the incubator under natural light intensity. During the decline of the bloom in September, production values of 0.26, 0.41 and 0.068 mg C/1 were found on 2, 9 and 23 September, respectively.
The relationship between chlorophyll a and primary production during the Gymnodinium bloom was different from the normal relationship during other periods of the same year, where more diatoms and particularly more <<dead chlorophyll" were included. A regression line for all values of chlorophyll a and gross primary production (n = 42) showed that 5.55 /xg chlorophyll a/1 caused a production of 1 #g C/t in 
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71 . 6 hrs., with + 0.58/zg chtor, a/1 at zero production, which means "dead chlorophyll"
(r = 0.888). During the period under discussion (22 July to 23 September) this line was steeper (6.68 #g chlor, a/1 correspond to 1 #g C/l). A negative chlorophyll a value (--0.36 b~g/1) was found at zero production (r = 0.88). This indicates that pigments other than chlorophyll a were included in primary production of the Gymnodinians. Secchi disc readings ranged from 6.5 m before the bloom to 2.5 m during the bloom maximum. 4 to 5.5 m were measured during the first half of September. Although the influence of Gymnodiniurn numbers on the visibility was obvious, there was a poor correlation between these two parameters, since the tidal currents on Helgoland Roads cause resuspension of nonliving particles, which are the major cause of turbidity. Brownish discoloured patches were seen near Helgoland during the bloom period. On 23 August a discolouration of the heated sea water of the Helgoland swimming pool was observed with brownish masses of algae lying on the bottom of the pool.
As is obvious from Figure 3a , high salinity was correlated with lower temperature, indicating a offshore water mass, which was found at Helgoland Roads following a period of northerly winds from 22 to 27 July, from 10 to 12 August and westerly winds from 8 to 12 September. Low salinity and higher water temperature indicate that the water masses east of Helgoland were influenced by coastal brackish water. During a period of easterly winds from 29 July to 8 August, these were drifted toward Helgoland. Five water masses could be distinguished during the period under discussion. It is obvious, therefore, that Figure 3a shows not only the plankton succession, but in addition the sequence of water masses containing different plankton populations.
The hydrographical and planktological situation can be described as follows: During a period of north and northwest winds from 9 to 12 August a water mass of high salinity and low temperature reached Helgoland. A first increase of Gyrnnodinium numbers was found on 14 August correlated with a decrease of salinity and increase of temperature for just one day after the changing of wind directions on 13 August.
On 19 August a Gyrnnodiniurn bloom was recorded, with a first peak on 21 August following a marked decrease of wind velocity. A low salinity, warmer water mass reached Helgoland Roads five days aider the wind turned easterly on 22 August. The maximal Gymnodinium population was found in this coastal influenced water with cell concentrations reaching 3.25 × 106 per litre during a period of low easterly winds. As the wind direction changed from east to west, cell numbers and chlorophyll values suddenly had decreased on 2 and 3 September, apparently without great changes in salinity. On 4 September the Gymnodinium numbers had increased und sxlbsequently decreased slowly during a period of continuous increase of salinity. Microscopic observations showed a high proportion of old Gymnodiniurn cells with no dividing stages.
During the decline of the Gymnodinium population there was a nitrate maximum on 9 September (Fig. 3b) . The phosphate content generally was higher than 0.1 #g-at/1 during the bloom. Nitrite was very low from 26 August to 6 September, as were the nitrate values a~er the 20 August. The soluble organic carbon content was high during the bloom and was maximal during its decline. The counts of heterotrophic seawater bacteria (as assessed by the pour plate method using medium 2216 E)* were increased * These data were provided by Dr. W. GUNK~L and H. H. TREXEL (BAH).
to 2500-3500 per ml from 4 to i1 September as compared to 500-t000 per ml before that time. There was no correlation between the recorded daily sum of total incident radiation with the p]ankton development.
O b s e r v a t i o n s n e a r H e l g o l a n d
The vertical stratification of plankton, chlorophyll a and extinction of the water was measured in three areas about 2 nautical miles south, 3 miles southwest and 5 miles northwest of Helgoland (Fig. 1, B, C and D) . These measurements happened to come to the same time when the bloom maximum appeared. The investigations in area B were carried out on 27 August from 10°°-113° hours, in area C on the same day from (Fig. 4) . The flagellates moved towards the surface during daylight hours and concentrated at a depth of approximately 6 meters during the night. A maximal Gymnodinium concentration o~ 7.76 × 10 ° per liter was found in area B at 3 m depth at 11 o0 hours (no surface values were recorded). Different percentage of diatoms -which have a much higher (appr.
10 times) chlorophyll content -cause the differences in the vertical curves of Gymnodiniurn and chlorophyll (Fig. 4) . In area C the diatom percentage of up to 25 °/0 was found in the upper 3 m.
There was a poor correlation between chlorophyll a content and Gymnodinium numbers for the sum of all samples taken on 27 and 28 August (r = 0.41), but a very good correlation existed for distinctive groups of samples. The best one (r = 0.991) was found in area B at 8-~°-840 hours. Correlation was similar for the other series of samples from area B and the first one from area C, but then decreased rapidly later in the night. It was also poor in area D. Calculating the regression coefficient it turned out that one million Gyrnnodinium contained not more than 3.5 #g chlorophyll, when counts of other phytoplankton and of detritus were very low. But even in this case 1.1 /~g chlorophyII/1 was found at a zero Gymnodinium value. The correlation of Gymnodinium numbers and chlorophyll values from Hetgoland Roads during the period of 22 July to 13 September was much better than for the samples mentioned above (r = 0.882). Only the values from September were correlated poorly (r = 0.39).
The Gymnodiniurn numbers were well correlated (r = 0.787) to the light extinction in the water (as measured in a photometer), especially in the samples where a good Gyrnnodinium/chlorophyll correlation was assessed. In these samples, one million cells per liter caused an extinction of E = 0.083 per I m measuring distance. The exeptionally high plankton concentrations had a dominant influence on the vertical extinction coefficient of the water, which is a rare circumstance for Helgoland waters, since usually the nonliving seston is the main cause of extinction.
O b s e r v a t i o n s a t t h e n e a r s h o r e S t a t i o n s E a n d F
On 6 and 8 August, a short time before the Gymnodiniurn blooming occurred in the Helgoland waters, plankton and hydrography at two driflcing stations near the coast were investigated. These stations were off the Elbe estuary near buoy "Grof~-vogelsand-W" (Fig. 1" . " E ' ) with a water depth of about 15 m, and off the mouth of the Eider near buoy "Aufleneider" (Fig. 1 : "F') on 8 August, with 14 m depth of
water. An individual water mass in this shallow coastal area with strong tidal currents could be traced only if it was marked. A driEing cross of 2 m 2 area, suspended from a small surface buoy, was exposed to the current at a depth of 5 m. Following this buoy, water samples were taken in 0.5, 5 and 10 m depth at 30 minutes intervals for a total of 5-6 hours.
The same Gymnodiniurn species as was found later near Helgoland was abundant at both stations. The mean composition of the phytoplankton biomass is given in tidal current, whi& in this case reached a velocity of 1.1 to 1.8 nautical miles per hour. This must be of great significance for the organic production of these flagellates in the turbid water off the Elbe estuary, where a Secchi disc visibility of 2.2 to 2.8 m was found, corresponding to an estimated compensation depth of only 6.8 to 8.6 m. At station F, north of station E and more remote from the mudflats of the German Waddensea, twice as many Gymnodiniurn sp. (646,000/i) were found, in addition to increased numbers of other phytoplankton. The drill of water masses by tidal current was 0.6 to 1.4 nautical miles per hour. The salinity at station F was about 30.4 °/00 at all depth compared to 30.0 °/00 at the surface and 30.3 to 30.6 °/0~ at 10 m depth by station E. These are high salinities for the area, indicating that no substantial mixing with river water took place. The seston dry weight in the stratified water column of station E was about 4.2 rag/1 in the upper 5 m and 9.1 mg/1 at 10 m. In the unstratified water of station F it was 3.5 mg/1 at all depth, where it decreased to half of that value during the time of observation. There was a higher Secchi disc visibility at station F with 3.5 to 4.2 m, corresponding to an estimated compensation depth of 10.5 to 12.8 m.
As the compensation depth might have nearly reached the bottom, the higher standing stock without a vertical stabilisation of the water column is explained.
DISCUSSION
VAGN HANSEN & SARMA (1969) started sampling of plankton aPcer the occurrence of fish mortality in the beginning of October, I968, when brown discoloured patches were observed within the 20-m-line off Esbjerg and north of Tyboron up to Skagen. Fishermen had seen discoloured patches during July west of Limfjorden, which became more widespread during August and til 9 October. These patches and the subsequent poisoning of fish could be easily attributed to the blooming of Gymnodinium breve forrna. In the Esbjerg region, this dinoflagellate was found in cell concentrations of 2 to 8.5 millions per litre in the bloom patches, and it formed 96 to 99.9 °/0 of total plankton counts. North of the Limfjord ceil numbers were much lower (1 to 2 millions per litre, of which 92 to 98 °/0 were Gyrnnodinium). Concentrations might have been much higher during the bloom. Daily samples, collected from 16 October in Esbjerg harbour and in the Limfjord at Nykobing, showed up to 1 million cells/1 in Esbjerg harbour until the beginning of November, although the discoloured patches had disappeared by the middle of October. In the middle of November, ceil numbers decreased rapidly. The cell counts in the Limfjord were much lower (at most 300 000/1). During R.V. "Dana" cruise during October 14 to 16, the greatest cell concentrations occurred north of the Limfjord (982 000/1 at the surface), but no discolouration developed.
VAGN HANSEN & SARMA made their investigations when the bloom maxima probably were over and at a time when no blooms were observed in the Helgoland Bight farther south. Only the fishermen's observations of discoloured patches indicate that red tides occurred off the Jutland coast at the same time as in the Helgoland Bight.
The numbers of Gymnodiniurn sp. in the farther offshore waters of Helgoland were comparable to those found by VAON HANSEN & SARMA. The Gymnodiniurn biomass made up 92 to 96 0/0 of total phytoplankton in the mixed water of Helgoland Roads and 96 to 99 °/0 of biomass carbon south and northwest of the island during the bloom maximum. Cell concentrations of about 3 millions per litre caused a brownish water discolouration. According to VAGN HANSEN & SARMA at least 1 million cells/1 are necessary to bring about visible red water. Thus, the fishermen's observations off the Jutland coast would indicate that Gymnodinium was blooming there at concentrations of at least 1 million cells/1 from July to the beginning of October, when patches disappeared during a breeze.
The formation of bloom patches is known from the red tide research in the United States. HOLMES et al. (1967) describe 5 red water dinoflagellate blooms in La Jolla Bay, where cell concentrations rea&ed up to 20 millions per titre. During the day organisms, consisting partly o f Gymnodinium spp., appeared in dense patches and apparently dispersed at night. Cells must have concentrated both vertically and horizontally to account for the numbers observed. A phototaxis-dependant mechanism forming bloom patches of Pyrodinium bahamense in a shallow bay was described by SELIGE~ et al. (1970) . EPPL~'z et al. (1968) report the evidence for a cellular periodicity in vertical migration of dinoflagellates. Even in the densest patches HOLMrS et al. found the cells to be physiologically active. The decline of blooms was associated with an increase of dissolved organic carbon -as it was found at Helgoland Roads in September, 1968 . PI~AKASH (1967 described that dying cultures of Gonyaulax tamarensis release their toxin into the medium, which fact may contribute to an explanation for the death of sand eels off the English East Coast one week aPcer the Gonyaulax tamarensis maximum occurred there in 1968 (CLARK 1968 , INGHAM et al. 1968 .
Absence of wind and high insolation are considered by RYTHEI~ (1955) to be universal factors for red tide appearance in coastal waters. Amongst the different factors which may cause red tides, reviewed by ROUNSEFELL & NELSON (1966) , lOW wind speed together with special chemical water properties are most important. "It seems to be welt established that red tide organisms can and do bloom when nutrient levels are low", they state. Red tides often occur immediately following a diatom bloom which has used up inorganic nutrients. Low inorganic nitrogen levels and high organic carbon content characterize also the bloom water at Helgoland Roads (Fig. 3b) . The possible influence of external metabolites on dinoflagellate blooms are discussed by ROUNSEFrLL & NELSON. PgAXASH (1967) and PI~AKASH & RAsmm (1968) found that the presence of high concentrations of humic acid sustained growth of several Gonyaulax species much better in culture as well as in situ than a medium which lacked this substance. The rich content of humic substances in the Inner German Bight (measured as "Gelbstoff" by KALLE 1956) might thus have had ecological significance for the red tide Gymnodinium there.
A steep, shallow thermocline was associated with the blooms in La Jolla Bay (HOLMES et al. 1967) . Such distinct discontinuity layers are not usually found in the coastal areas of the south-eastern North Sea because of vertical mixing caused by strong tidal currents. These have a velocity up to 80 to 100 cm/second in the Inner German Bight. The mixing due to tidal currents might be responsible for the lower cell concentrations as compared to red tides in the Gulf of Mexico arid off La Jolla. There was no indication for stabilisation of the water column off the Elbe estuary by river water outflow. The freshwater discharge from the Elbe river was at a minimum in August 1968. The salinity near the isle of Neuwerk in the outer Elbe estuary increased from 26 °/00 on 13 August to about 28 °/00 on 14 August (Ki.)HL 1968). High salinity and low temperature (14.2 ° to 17.5 ° C) were recorded there until 21 August. Also at stations E and F in the beginning of August salinities relatively high for this area were found, so that direct influence of river water discharge on bloom forming conditions can be excluded. The relatively stable water column stratification during an unusually long period of calm wind and warm weather certainly account for the widespread occurrence of red tides in the summer and autumn of 1968 in the south eastern North Sea. From May until the beginning of the blooms there was not one stormy day. The mean daily wind velocity was Beaufort 6 on one day, 5 on 10 days, and the rest Beaufort 2-4.
As water masses containing Gymnodiniurn blooms were characterized by low salinity and high temperature, both indications for the nearshore water, the observations of Helgoland Roads suggest that the blooms developed in the water east of Helgoland. Here, half-way between the island and the North Frisean Coast, the convergence zone of the German Bight is located (Go~D~CKE 194I) .
There was no evidence that the total radiation was a limiting factor for the blooms. In the North Sea variations in total daylight are small during the summer as compared to the great changes of underwater light conditions due to change of seston content, which depends on vertical mixing of the water column and resuspension of sedimented material.
The 1968 red tides seem to be the first occurrences of this kind described from the North Sea. It might well be possible, however, that even large blooms of small dinoflagellates have not been detected in former years. According to VAON HANSEN & & SAr, MA (1969) the Gymnodinium breve ]orma from the Jutland waters was very poorly preserved by formaldehyde and disintegrated within 3 to 5 days. This means that the organism might have been missed completely in the older plankton samples.
The Gymnodinium sp. from Helgoland waters was fairly well preserved in Lugot's solution (of higher concentration as recommended!). Even after several month of storage we could not find any evidence of disintegration, though morphological studies were no longer possible. The continuous plankton recorder survey (HARDY 1939) was recently extended by ROBINSON (1969) to an at least qualitative survey of Gonyaulax distribution in the North Sea. It could be proven that the occurrence of G. tarnarensis was widespread even in 1969, but in numbers much lower than in 1968.
Red water caused by swarming of Noctiluca miliaris during calm weather conditions at the sea surface is observed every smnmer in the southern North Sea. These patches, usually in long, narrow, parallel bands often correlated with convergences, might be confused with potentially poisonous dinoflagellate red water by unexperienced observers. Reports of discoloured patches can be used as indication for a red tide only affer microscopic identification of the plankton involved.
The first evidence for poisonous red tides are still the secondary effects: dead fish or seabirds washed ashore, or human illness after eating shellfish. Shags have proven to be sensitive indicators for a poisoned food chain (WooD 1968). As animal poisoning occurs only several weeks after the onset of the bloom, no systematical investigations of the conditions leading to bloom formation are possible any longer. To permit this a bloom would have to occur in an area under permanent hydrographical, &emical and planktological investigation. The station Helgoland Roads, where such observations are being made, was only touched for brief periods by water masses containing blooms. Many more stations of this kind are needed for a systematical red tide survey in such a heterogenous coastal water. Fortunately, other plankton investigations have been made (stations B-F) without realizing that a bloom was going on, but nevertheless of some use for analyzing it ai~erwards.
Even if the Helgoland Gyrnnodinium had been poisonous -an assumption for which we have no evidence -the chances of observing killed animals would have been poor. The blooms lasted for only 18 days at Helgoland Roads, and neither man nor seabirds exploit the clams growing near Helgoland (there are only few du&s). Guillemots, which might be affected, have a rookery on Helgoland, but le~ it befor the red tides occurred. Washing ashore of dead fish is not very likely considering the shoreline of only a few hundred meters. SUMMARY 1. As in other parts of the North Sea, dinoflagellate red tides occurred in Helgoland waters in August, 1968. Measurements of plankton, and physical and chemical water properties at the permanent station "Helgoland Roads" were analyzed to describe the blooms. In addition, planktological and hydrographicaI investigations at three areas south, southwest and northwest of Helgoland on 27 and 28 August, as well as at two driving stations off the mouths of the Elbe and Eider rivers on 6 and 8 August, were used for this work.
2. Gymnodinium sp. was abundant at all these localities, forming blooms near Helgoland from 14 to 30 August, with a maximum of 3 to 3.25 × 106 cells/1 (and 18 to 1[9 pg chlorophyll a/1) on 28 and 30 August at Helgoland Roads. The primary production was as high as 0.98 mg C/1 in 6 hours in a suspension of 3.7 X 106 Gymnodiniurn/1, where diatoms had been removed. This means that one million Gymnodinium produced 0.265 mg C in 6 hours. At Helgoland Roads nitrate and nitrite were depleted at times, but not phosphate.
3. About 3 X 10 G Gymnodinium sp./1 were found in the upper 16.5 m of water investigated around HelgoIand on 27 and 28 August (maximal 7.8 × 106 cells/i at 3 m). There was a marked vertical stratification of Gymnodiniurn with a concentration towards the surface during the day. This was particularly the case in the turbid water off the Elbe estuary, where numbers up to 0.3 × 106/i were counted. Gymnodinium sp. formed 96 to 99 o/0 of the phytoplankton biomass during maximal development. The chlorophyll a content of one million Gymnodinium was only 3.5/zg. An extinktion of E = 0.083/1 m was measured in a suspension of 106 Gymnodiniurn/1 in samples with minimal other plankton and detritus. 4. The water masses containing Gymnodinium blooms, which reached Hetgoland aider a change of wind direction, were characterized by lower salinity and higher temperature. This indicates that blooms developed in the coastally influenced water masses east of Helgoland. The red tides occurred during a period of minimal disCharge of Elbe river water and of relatively high salinity of the coastal water in the
